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Abstract Terrestrial gamma ray flashes (TGFs) are very short bursts of gamma radiation associated to
thunderstorm activity and are the manifestation of the highest-energy natural particle acceleration
phenomena occurring on Earth. Photon energies up to several tens of megaelectronvolts are expected, but
the actual upper limit and high-energy spectral shape are still open questions. Results published in 2011 by
the AGILE team proposed a high-energy component in TGF spectra extended up to ≈100 MeV, which is
difficult to reconcile with the predictions from the Relativistic Runaway Electron Avalanche (RREA)
mechanism at the basis of many TGF production models. Here we present a new set of TGFs detected by
the AGILE satellite and associated to lightning measurements capable to solve this controversy. Detailed
end-to-end Monte Carlo simulations and an improved understanding of the instrument performance
under high-flux conditions show that it is possible to explain the observed high-energy counts by a
standard RREA spectrum at the source, provided that the TGF is sufficiently bright and short. We
investigate the possibility that single high-energy counts may be the signature of a fine-pulsed time
structure of TGFs on time scales ≈4 μs, but we find no clear evidence for this. The presented data set and
modeling results allow also for explaining the observed TGF distribution in the (Fluence × duration)
parameter space and suggest that the AGILE TGF detection rate can almost be doubled.

1. Introduction
Terrestrial gamma ray flashes (TGFs) are very short (typically submillisecond in duration) bursts of gamma
radiation associated to thunderstorms and lightning activity (Briggs et al., 2010; Dwyer et al., 2012; Fishman,
1994; Marisaldi et al., 2010; Smith, 2005). TGFs represent the manifestation of the most energetic natural
particle acceleration processes occurring on Earth within thundercloud electric fields. Photon energies up
to several tens of megaelectronvolts have been reported, but the exact maximum energy that TGF photons
can reach has not been clearly assessed yet. This is mostly due to the energy range of current TGF detectors
which is limited to few tens of megaelectronvolts and therefore makes all counts with higher energy to be
registered in the overload channel without accurate energy information. Moreover, an accurate measure-
ment of photon energy in this range is difficult, since photon interaction cross section in typical detector
materials is dominated by electron-positron pair production and a large amount of detecting material is
required for a full energy measurement.

One of the most acknowledged physical processes thought to be at the basis of TGF production is the Rel-
ativistic Runaway Electron Avalanche (RREA) process (Gurevich et al., 1992), possibly enhanced by the
Relativistic Feedback mechanism (Dwyer, 2003, 2012). In this scenario, the resulting TGF source photon
spectrum is basically a power law with exponential cutoff with e-folding energy of ≈7.3 MeV; therefore,
it is difficult to account for photon energies larger than 30–40 MeV. Cumulative spectra of TGFs detected
by RHESSI and AGILE (Dwyer & Smith, 2005; Marisaldi et al., 2014) proved to be compliant with these
expectation. However, the use of cumulative spectra itself is questionable because all effects due to atmo-
spheric absorption from different source regions and direction-dependent detector response are smeared
out and mixed together. Single photon maximum energy was reported by RHESSI, AGILE, and Fermi teams
as larger than 20, 43, and 38 MeV, respectively (Briggs et al., 2010; Marisaldi et al., 2010; Smith, 2005). TGF
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detection by the AGILE Gamma Ray Imaging Detector (Marisaldi et al., 2010), sensitive above 20 MeV, indi-
cates that the TGF spectral component in the tens of megaelectronvolts range is significant, although the
energy resolution of the instrument close to the detection threshold is not sufficient to clearly assess the
maximum photon energy. A systematic attempt at spectral fitting of individual TGFs detected by Fermi is
reported in Mailyan et al. (2016). Out of the 46 TGFs analyzed, 5 of them show a poor fit because of excess
counts at high energy. The authors state that it is not clear whether this is due to deviations of the source
spectra from RREA predictions or underestimation of instrumental effects such as pulse pileup. In fact,
due to the very high TGF photon flux, instrumental effects significantly affect the measurements from all
TGF-observing instruments (Briggs et al., 2010; Gjesteland et al., 2010; Grefenstette et al., 2009; Marisaldi
et al., 2014) and must be carefully accounted for when dealing with TGF intensity and energy spectrum. In
2010 the AGILE team, including some of the authors of this paper, reported the detection of TGFs by the
minicalorimeter (MCAL) instrument onboard AGILE with photon energies up to 100 MeV (Tavani et al.,
2011), with a significant deviation from predictions by the RREA model. These results triggered signifi-
cant theoretical efforts for their interpretation, (e.g., Celestin et al., 2012, 2015; Luque, 2014). We also note
that gamma ray differential energy spectra extended up to 100 MeV have been reported for long-lasting
Thunderstorm Ground Enhancements (TGEs) observed on ground (Chilingarian et al., 2013). However,
independent confirmation of these findings were never obtained, basically because of the energy range of
other space-based TGF observing instruments being limited to 40 MeV. A thorough understanting of the
TGF emission spectrum in the tens of megaelectronvolt range is particularly relevant also for the quan-
titative assessment of neutrons and radioactive isotopes production by photonuclear reactions (Babich &
Roussel-Dupre, 2007; Babich et al., 2014; Bowers et al., 2017; Carlson et al., 2010; Enoto et al., 2017; Tavani
et al., 2013).

The discovery of TGFs simultaneous (within few hundreds of microseconds) to lightning sferics detected by
ground-based lightning detection networks (Connaughton et al., 2010, 2013) allowed to use only the associ-
ation to lightning itself for TGF identification, provided a minimum number of counts are present, without
the need for additional selection criteria. In other words, if any cluster of counts is observed in close time
association to a lightning, the probability of chance association is remote and we can be reasonably sure it
is a TGF, regardless of all its other properties (Albrechtsen et al., 2019; Østgaard et al., 2015). A set of events
firmly associated to lightning sferics would provide a reliable sample of TGFs unbiased by selection crite-
ria based on gamma ray data only, and would provide a test bench to confirm or disprove the existence of
photons with energy higher than 40 MeV in TGF spectra. With this motivation, we searched for clusters of
counts associated with lightning, without introducing any additional selection criteria. However, no simul-
taneous association of AGILE MCAL events to lightning sferics were found before 23 March 2015. This was
due to the suppression of the detection of short TGFs due to the dead time induced by the anticoincidence
(AC) shield surrounding the MCAL instrument (Marisaldi et al., 2014). In turn, the chance of association to
lightning sferics detected by ground-based lightning detection networks strongly decrease with increasing
TGF duration (Connaughton et al., 2013). Starting from 23 March 2015, the AC veto signal was inhibited for
MCAL, resulting in a tenfold increase in TGF detection rate. Between 23 March and 24 June 2015, a total
of 279 TGFs have been recorded by AGILE in this enhanced configuration (Marisaldi et al., 2015) using the
standard selection criteria described in Marisaldi et al. (2014). Among them, 39 events are associated with
a lightning sferic detected by the World-Wide Lightning Location Network (WWLLN) within 200 μs, when
the propagation time from source to satellite is accounted for. For the same reference period, a TGF search
based on simultaneous association to WWLLN sferics only resulted in the identification of 84 events, 28 of
which exhibiting maximal count energy above 30 MeV. These events were rejected by the previously applied
selection criteria. This data set provides the test bench we need to investigate the TGF maximal photon
energy. We stress the fact that, although the claim for a population of high-energy TGFs dates back to 2011
(Tavani et al., 2011), we were not able to pursue this analysis until a data set with simultaneous lightning
association was available, that is, after the major configuration change of 23 March 2015.

In this work we study the properties of this WWLLN-identified sample with respect to previous observations.
Then we describe an end-to-end simulation frame used to interpret the observations by taking correctly into
account the TGF source spectrum, photon propagation to satellite altitude, the detector energy response, and
the behavior of the front-end electronics. Finally, we discuss the results regarding implications on AGILE

MARISALDI ET AL. 7485



Journal of Geophysical Research: Atmospheres 10.1029/2019JD030554

Figure 1. Schematic representation of the data sets used in this paper. SC:
selection criteria data set. WI: WWLLN-identified data set. SW: SC subset
with WWLLN identification. HE: WWLLN-identified events with
high-energy (>30 MeV) counts. Numbers in parenthesis indicate the
number of events in each data set. WWLLN = World-Wide Lightning
Location Network.

TGF detection rate, fluence and duration distribution, the TGF
high-energy spectral component, and fine time structure at the source.

2. High-Energy Data Set Characteristics

We scanned the AGILE MCAL data for the period 23 March to 24 June
2015 in search for associations between count clusters and lightning sfer-
ics detected by the WWLLN network. Data for the period after 1 July 2015
are affected by a degradation of the AGILE time performance due to a fail-
ure of the onboard GPS. We define a cluster as a minimum set of six counts
detected in a 300-� s time window, which is the minimum requirement
needed to trigger the MCAL onboard logic and enable data acquisition.
We require a maximum time separation of±500 � s between the sferic
and the cluster, after correcting for light travel time from lightning loca-
tion to the satellite. No additional selection criteria are introduced. The
search resulted in 84 events associated to WWLLN sferics, hereafter the

WWLLN-identified(WI) data set. The TGF data set including 279 events obtained by means of selection cri-
teria and described in Marisaldi et al. (2015) is hereafter referred to as theselection criteria(SC) data set. All
the 39 events in the SC data set associated to WWLLN lightning are identified also by the current analysis
and included in the WI data set: these will be referred to as theselection criteria and WWLLN(SW) data
set. Twenty-eight events of the WI data set exhibit at least one count with reconstructed energy larger than
30MeV: these events, hereafter thehigh-energy(HE) data set, are the core target of this paper. Hereafter
we will also indicate with the term high-energy counta count with measured energy larger than30MeV.
Figure 1 shows a schematic representation of the data sets used throughout this paper, and colors on plots
will also correspond to the same data set, accordingly.

AGILE has no onboard sources for energy calibration. Moreover, calibration in the tens of megaelectronvolts
range is a nontrivial process. This is achieved for MCAL using galactic cosmic rays as calibration sources. The
spatial segmentation of the MCAL detector allows the topological identification of cosmic ray tracks that ulti-
mately allow the measurement of the specific energy loss for hydrogen and helium nuclei and compare them
























